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Introduction. 


I'MCh  time  and  thought  are  being  spent  by  elect rical 
engineers,  at  the  present  time,  in  an  effort  to  put  upon  the 
market  more  satisfactory  alternating  current  series  motors. 
The  polyphase  motor  has  been  developed  to  a  comparatively  high 
state  of  perfection,  and  it  is  now  being  used  in  a  great  many 
places  where  it  was  once  thought  that  no  machine  could  replace 
the  direct  current  motor.     The  use  of  the  single  phase  series 
motor  for  crane  and  elevator  work  has  certain  advantages  over 
the  polyphase  motor  as  well  as  the  single  phase  induction  motor. 
The  chief  advantages  are  the  simplicity  of  the  windings  and 
the  high  starting  torque. 

Owing  to  the  3hort  time  in  which  the  series  single 
phase  motor  has  been  manufactured  it  has  gained  a  remarkable 
foothold  in  the  work  for  which  it  was  designed.     This  motor, 
known  as  the  series  single  phase  compensated  motor,  is  manu- 
factured by  the  Westinghouse  Electric  Manufacturing  Co.  of 
Pittsburg  which  is  being  used  extensively  and  which  has  proven 
successful  in  numerous  applications.     A  motor  of  the  compensat- 
ed type  especially  designed  for  crane  service  has  recently  been 
purchased  by  the  Electrical  Engineering  Department  of  the  Uni- 
versity of  Illinois  and  we  have  taken  this  opportunity  to  de- 
termine its  operating  characteristics. 

The  two  types  of  series  motors,  the  plain  and  the  com- 
pensated, are  similar  in  many  of  their  characteristics,  and  in 
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fact  the  plain  series  motor  is  the  proceeding  step  in  the  dev- 
elopment of  the  compensated  motor.     A  description  of  this  motor 
will,  therefore,  be  of  value  in  giving  a  clear  conception  of  the 
series  compensated  motor  on  which  we  have  made  the  test. 

The  plain  Series  Motor. 
In  the  case  of  the  series  motor,  having  an  equal  nu- 
mber of  effective  turns  on  the  armature  and  field  coils,  and 
with  magnetic  reluctance  the  same  in  all  directions  around  the 
armature  core,  the  field  coils,  under  all  conditions  of  operation, 
act  as  an  impedance  in  an  alternating  current  circuit.  With 
the  armature  stationary  its  coils  form  a  similar  and  equal  im- 
pedance.    Assuming  initial!}'"  an  ideal  motor  without  resistance 
and  local  leakage  reactance,  each  impedance  consists  of  pure 
reactance;  the  current  in  the  circuit  having  a  value  such  that 
its  magnetomotive  force,   when  flowing  through  the  armature  and 
field  turns,  causes  to  flow  through  the  reluctance  of  the  mag- 
netic path  that  value  of  flux,  the  rate  of  change  of  which, 
generates  in  the  windings  an  electromotive  force  equal  to  the 
electromotive  force  impressed.     Neglecting  the  hystsretic  effects, 
the  armature  current  and  field  magnetism  are  in  time-phase  re- 
lation, and  are  in  mechanical  position  to  give  to  the  motor  a 
torque  which  will  retain  its  direction  with  each  reversal  of 
flux  and  current.     When  the  armature  is  in  motion  there  is 
generated  an  electromotive  force  which  is  a  maximum  at  the 
main  circuit  brushes  and  which  is  in  time -phase  relation  with 
the  field  flux.     When  the  motor  is  run  at  synchronous  speed 
the  in  time-phase  component  of  the  electromotive  force  is  equal 
to  the  reactive  electromotive  force  of  the  armature,  and  from 
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this  relation  the  power-factor  would  be  decreased  and  the  ap- 
parent  impedance  would  bo  increased.     Thus  at  synchronous  speed 
the  current  would  be  reduced  only  by  a  small  amount  and  since 
the  torque  varies  as  the  square  of  the  current  it  would  not  be 
reduced  verv  appreciably.     For  any  value  of  speed  the  sparking 
at  the  commutator  is  detrimental,  and  if  the  frequency  be 
lowered  the  speed  corresponding  to  fiynchroniam  will  be  altered, 
but  the  above  relation  will  still  hold  true  for  this  speed. 
It  is,  threrfore,  apparent  that  with  the  impedance  of  the  in- 
herently  low  power-factor  of  operation,  and  the  detrimental 
sparking  at  the  commutator  the  unity  ratio  single  phase  plain 
series  motor  with  uniform  reluctance  around  the  air  gap  is  un- 
suited  for  crane,  elevator  and  traction  work. 

How  if  the  ratio  of  the  field  turns  to  armature  turns 
be  changed  the  effect  on  the  relation  given  abovo  will  be 
slight,  unless  such  change  be  accomplished  with  an  increase  in 
reluctance  of  the  magnetic  structure  in  line  with  the  brushes. 
By  using  projecting  field  poles,  thus  leaving  large  air  gaps  in 
the  actual  brush  line,  the  local  inductive  reactance  of  the 
armature  will  be  materially  reduced.     But  even  under  the  most 
favorable  conditions  it  is  impossible  to  reduce  the  reactance. 

Compensated  Series  Motor. 
In  order  to  make  the  series  motor  a  success  it  was 
necessary  to  place  stationary  conductors  around  the  armature 
through  which  there  is  a  current  flowing  equal  in  magnetomotive 
force  and  opposite  in  phase  to  the  current  in  the  armature. 
This  is  accomplished  by  sending  the  full  line  current  directly 
through  the  compensating  coils. 


When  the  reactions  of  the  armature  are  completely  compensated 
the  field  coils  form  the  onl}'  inductive  portion  of  the  Motor 
circuit,  thus  reducing  the  sparking  to  a  minimum.     Since  for  a 
given  value  of  current  through  the  motor  circuit  the  reactive 
electromotive  force  varies  as  the  square  of  the  field  turns, 
while  the  field  flux,  ratio  of  torque  and  armature  speed  el- 
ectromotive force  vary  directly  as  the  number  of  turns,  it  is 
possible  to  reduce  the  field  circuit  reactance  while  retaining 
satisfactory  operating  characteristics  by  employing  a  large 
ratio  of  armature  turns  to  field  turns.    A  photograph  on  page  5 
shows  the  general  appearance  and  features  of  the  motor  in 
question.     The  manufacturer's  rating  is  given  as  -  220  Volts, 
10  horse-power  at  950  R.P.M.  and  3000  alternations.  Variable 
speed.    The  armature  is  wound  in  the  ordinary  wave  winding  with 
number  12  wire.    There  are  45  slots  with  two  complete  coils  per 
slot  and  each  having  six  turns.    The  six  turns  being  made  of 
number  12  wire,  two  in  parallel.     As  an  aid  to  compensation 
there  are  German  silver  wires  leading  from  the  commutator  back 
through  the  slot  to  the  back  of  the  armature  where  the  connect- 
ion between  coils  is  made.     The  commutator  has  1S6  bars  which 
rotate  under  four  brush  holder  arms  each  carrying  a  carbon 
brush.     There  are  four  field  poles  which  are  laminated  and 
slotted.     The  field  coils  proper,  are  placed  around  these  poles 
in  multiple  in  72  turns  of  number  10  wire.     The  compensating 
winding,  which  neutralizes  the  armature  reactions,  is  placed  in 
the  slotted  pole  pieces.     There  are  twelve  coils  total  in  the 
four  poles,  each  consisting  of  5x8  number  12  wire,  5  in  par- 
allel, making  eight  complete  turns  per  slot.     Two  diagrams  of 


the  relative  position  of  the  field  and  compensating  winding  are 
shown  on  pages  7  and  8.       A  photograph  of  the  arrangement  of 
coils  in  the  pole  pieces  is  shown  on  page  9.      Also  a  photo- 
graph on  page  10  showing  the  German  Silver  wires  leading  into 
the  commutator. 

When  direct  current  is  used  the  motor  acts  as  a  simple 
direct  current  series  motor.    Of  course  in  this  case  the  com- 
pensating coils  have  no  purpose  and  the  operation  of  the  motor 
is  simply  as  that  of  the  ordinary  direct  current  series  motor. 


Arrangement  of  Winding. 
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Description  of  tests. 
In  the  tests  which  were  made  we  have  confined  our 
study  of  the  motor  to  its  operating  characteristics.  An  im- 
portant test  was  that  made  for  the  determination  of  the  iron 
losses.    Because  of  the  nature  of  the  motor  winding  and  the 
fact  that  the  field  is  designed  for  alternating  current  excit- 
ation the  losses  are  found  in  a  different  way  from  the  ordinary 
type  of  machines.     In  the  series  single  phase  commutator  motor 
there  is  a  combination  of  two  losses,  that  is,  the  losses  caus- 
ed by  the  magnetization  produced  by  rotation  of  an  iron  body  in 
a  magnetic  field,  and  a  local  periodical  variation  in  the  field, 
When  the  motor  is  at  standstill  there  is  only  the  transformer 
action,  but  after  being  started,  the  armature  of  such  a  motor 
rotates  in  an  alternating  field.     It  was  found  that  the  iron 
losses  varied  with  the  speed  and  f requency.     Three  such  runs 
were  made,  one  with  normal  field  excitation  with  alternating 
current  at  25  Circles,  and  one  with  alternating  current  at  60 
cycles,  and  also  one  with  direct  current.     As  to  how  these  loss 
tests  were  made  we  will  refer  the  reader  to  the  diagram  on 
page  14.   The  series  motor  (M)  was  driven  by  an  auxilcry  direct 
current  motor  (II),  which  was  previously  calibrated'  as  a  driving 
motor.     By  calibrating  is  meant  the  determination  of  the  power 
input  to  the  motor,  light,  to  drive  it  over  a  wide  range  of 
speed.    Having  calibrated  the  motor  (K)  it  was  then  used  to 
drive  the  series  motor  light  and  at  different  field  excitations 
for  various  si^eeds.     Since  a  varying  voltage  was  not  accessable 
from  the  power  house  it  was  found  necessary  to  use  an  auxilary 
set  in  order  to  get  the  desired,  variation  in  voltage  for  the 
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range  in  speeds.    A  motor  (K)  was  used  to  drive  a  generator  (G), 
which  supplied  current  to  the  motor  (H) .    By  varying  the  vol- 
tage of  the  generator  (G)  by  means  of  a  field  rheostat  (R)  any 
range  cf  voltage  desired  was  obtained  to  impress  on  the  arma- 
ture cf  (K)  .        The  fields  of  motor  (II)  were  separately  ex- 
cited.    Thus  with  a  separately  excited  field  of  (II) ,  and  separate 
varying  voltage  to  impress  on  the  armature  cf  (K)  any  range  cf 
speed  desirable  was  obtainable.     The  power  taken  to  drive  the 
series  motor  (M)  with  open  circuited  field  and  armature  cir- 
cuits for  a  range  of  speeds  was  taken.    Knowing  the  output  cf 
the  driving  motor  (H) ,  which  had  been  calibrated,  the  windage, 
belt  and  friction  losses  necessary  to  drive  the  motor  (M)  under 
the  above  conditions  were  measured.     Then  the  armature  of  the 
series  motor  was  left  on  open  circuit  and  the  field  excited, 
first  with  alternating  current  of  25  cycles  and  then  alternat- 
ing current  of  60  cycles  and  lastly  with  direct  current. 
Measuring  the  power  taken  to  drive  the  armature  under  these 
conditions  and  knowing  the  power  to  overcome  friction,  windage 
and  belt  losses,  the  iron  losses  were  found.    Having  measured 
the  power  input  to  the  fields  and  correcting  for  the  1*  R  losses 
the  field  iron  losses  were  found,    fiance  the  total  iron  losses 
for  various  speeds  and  normal  field  excitations  were  found. 

In  a  general  way  this  method  is  fairly  accurate 
enough  for  practical  work,  but  the  method  does  not  admit  of 
strictly  accurate  results.    In  the  first  place  there  is  really 
no  easy  method  of  finding  the  iron  losses  in  the  armature  under 
load.     Even  this  method  does  not  admit  of  a  means  of  finding 
such  losses  under  operating  conditions.    For  another  reason 
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our  result e  by  this  method  are  in  error,  as  will  be  seen  we 
found  the  iron  losses  in  the  armature  for  various  speeds  with 
one  constant  field  excitation.     This  is  not  in  strict  accord- 
ance with  the  operating  conditions  of  the  motor.     For  instance 
with  normal  field  excitation  at  25  cycles,  say,  which  we  took 
it,  there  would  be  really  one  speed  corresponding,  but  we  took 
readings  for  various  speeds  with  the  one  constant  field  ex- 
citation.   Kence  mainly  for  these  two  reasons  our  iron  loss 
values  are  only  approximately  correct.     Relatively  though  the 
results  show  how  the  losses  vary  with  the  speed  and  frequencies. 

In  making  the  ordinary  load  test  a  prony  brake  was 
used  as  a  load,  and  with  constant  impressed  voltage  ;he  load 
was  varied  from  a  small  value  to  a  considerable  over-load  value. 
For  each  load  the  watts  input,  current  and  R.P.M.  were  taken. 
Three  such  efficiency  tests  were  run;  one  for  120  volts  25 
cycles;  one  for  200  volts  25  cycles  and  one  for  115  volts  direct 
current.     We  were  unable  to  make  a  satisfactory  test  with 
alternating  current  at  60  cycles.     In  addition  to  the  efficien- 
cy test  on  120  and  200  volts  at  25  cycles  the  phase  relations 
were  taken  at  the  same  time.    That  is  the  volts  across  and  the 
watts  in  each  part  of  the  motor  circuit  were  taken  for  each 
load  and  speed  on  the  motor,  from  which  the  phase  relations 
were  calculated. 


Calculations  and  working  up  of  Data. 
The  calculations  of  the  results  of  the  tests  consisted 
chiefly  in  computing  the  losses,  powerfactor,  phase  relations, 
torque,  brake  horse-power  and  efficiency.    Perhaps  a  word  as 
to  how  the  losses  were  obtained  would  bo  of  interest  here  be- 
fore discussing  the  other  calculations.    As  mentioned  before, 
a  direct  current  motor  was  calibrated  (light)  for  a  certain 
range  in  speeds.    This  was  used  in  driving  the  series  motor 
under  test.     The  calibration  consisted  in  making  two  sets  of 
observations.     One  for  the  I* R  losses  in  the  armature,  a  curve 
for  which  is  shown  on  page  35  and  one  for  the  stray  power  in 
the  armature.     In  getting  this  stray  power  the  motor  was  run 
at  a  constant  speed  with  four  or  five  different  values  of  im- 
pressed voltages  on  the  armature.     The  current  and  voltage 
were  noted.     Then  for  this  speed  a  curve  between  counter  el- 
ectromotive force  and  stray  power  was  drawn.     Similar  curves, 
shown  on  page  59    were  drawn  for  a  wide  range  in  speeds  for 
this  motor  running  light.     The  data  for  this  calibration  test 
is  shown  on  pages  22  and  23,24.  With  these  calibration  curves 
the  I*  R  and  stray  power  losses  were  found  for  any  speed  and 
counter  electromotive  force  of  the  motor.    Then  by  running  the 
series  motor  with  armature  and  field  on  open  circuit,  the  in- 
put to  the  direct  current  motor  is  noted,  and  knowing  its  I* R 
and  stray  power  losses  at  this  speed  the  power  used  in  driving 
the  series  motor  is  found.         And  this  power  is  charged  up  to 
windage,  friction  and  belt  losses,  which  is  different  for  dif- 
ferent speeds.    Hence  a  test  for  a  range  of  speeds  was  taken. 


For  these  results  see  page  25.      With  the  losses  separated  in 
this  way  we  are  able  to  drive  the  series  motor  at  any  speed 
and  at  any  field  excitation,  armature  open  circuited,  and  by 
interpolating  from  the  calibration  curves  obtain  the  iron  losses 
in  the  armature  for  that  speed  and  field  excitation.  These 
losses  were  measured  for  three  different  field  excitations; 
one  for  alternating  current,  50  amperes  normal  at  25  cycles  and 
one  for  alternating  current,  30  amperes  at  60  cycles  and  lastly 
one  for  direct  current,  25  amperes.     It  is  to  be  noted  that  only 
one  field  excitation  was  taken  for  each  test  with  a  range  in 
speed  of  the  armature.     For  each  excitation  the  input  to  the 
field  was  measured  and  correcting  for  the  field  I* R  losses  the 
total  field  iron  losses  were  found. 

Curves  for  each  run  were  plotted  between  total  watts 
iron  losses  and  speed.     These  curves  will  be  found  on  page  40. 
Their  ordinates  give  the  value  of  the  iron  losses  for  the  cor- 
responding speeds.     The  results  while  not  strictly  accurate,  as 
mentioned  before,  show  the  relative  losses  for  variation  in 
speed  and  frequency.     It  is  also  noticeable  that  for  a  field 
excitation  of  25  cycles  that  the  iron  Losses  do  not  increase 
so  rapidly  above  normal  speed  as  do  the  iron  losses  for  ex- 
citation of  60  cycles. 

At  the  same  time  the  efficiency  test  was  run  the  data 
for  the  power  factor  and  phase  relations  was  taken.     That  is  in 
each  test  the  total  watts,  as  well  as  the  watts  input  to  each 
part  of  the  circuit  together  with  the  voltage  drop  across  each 
part  of  the  circuit,  and  total  current  were  measured.  The 
torque  was  measured  in  pound  feet  by  knowing  the  weight  on  the 


scales  and  the  length  of  lever  arm.  From  the  torque  the  brake 
horse-power  was  calculated.  Knowing  the  input  to  the  motor  in 
electrical  horse-power  as  well  as  the  brake  horse-power  output 
the  mechanical  efficiency  of  the  motor  was  calculated. 

Three  separate  efficiency  tests  were  run  and  character- 
istics for  each  condition  plotted.     In  all  these  character- 
istics amperes  were  plotted  as  abscissae.    Because  of  the  ex- 
tremely low  torque  on  the  60  cycles  no  test  was  made  at  this 
frequency.     For  each  test,  say  for  the  200  volt  25  cycles,  five 
sets  of  curves  were  drawn.    These  show  the  relation  between 
current  and  speed,  current  and  torque  in  pound  feet,  current 
and  brake  horse-power,  current  and  efficiency  and  current  and 
power  factor.     These  characteristic  curves  for  each  run  are 
shown  on  pages  36,  37,   and  38. 

Analysis  of  Crane  Conditions. 
Before  discussing  the  various  characteristics  of  the 
series  motor  as  determined  by  the  tests  a  brief  analysis  of 
the  conditions  under  which  it  is  intended  to  operate  may  be 
of  value.     The  operation  of  a  crane  motor  differs  from  that 
of  the  other  types  of  motors  in  that  the  service  performed 
is  for  short  durations  of  heavy  loads  and  quick  starting  and 
■toping.    Hence  motors  for  this  service  must  have  proper  start- 
ing characteristics  and  features  in  order  to  operate  success- 
fully.    The  most  important  of  these  characteristics  is  the 
torque  while  the  motor  is  coming  up  to  speed.     The  resisting 
torque  which  comes  into  action  at  the  time  of  starting  is  made 
up  of  three  parts,  that  due  to  friction,  that  due  to  the  heavy 
load  coming  on  at  starting  and  that  due  to  the  inertia  of  the 


parts  set  in  motion.    Usually  the  first  two  of  these  are  the 
greatest  for  there  is  no  gradual  increase  of  load  or  no  counter 
balancing.     The  resisting  torque  due  to  inertia  depends  upon 
the  mass  which  is  sot  in  motion,  and  the  acceleration  at  which 
it  is  being  carried. 

In  most  cases  it  is  desired  that  the  motor  shall  reach 
its  normal  speed  quickly  after  starting,  and  in  order  to  do 
this  it  must  have  a  large  starting  torque. 
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Discussion  of  Results. 
In  discussing  the  various  characteristics  as  obtained 
from  the  runs  made  we  will  first  confine  ourselves  to  those 
taken  at  the  normal  operating  conditions  of  the  machine  - 
200  volts  25  cycles.     With  reference  to  the  curves  on  page 
let  us  first  consider  the  current  speed  curve.  For  lower 
values  of  current  a  slight  variation  in  load  means  a  decided 
change  in  speed.     It  is  seen  that  nearer  full  load  current, 
about  50  amperes,  the  speed  is  not  so  sensitive  to  slight 
changes  in  load,  but  still  a  change  in  load  means  a  change  in 
speed.     In  connection  with  this  curve  let  us  notice  the  torque 
current  curve.     For  high  current,  which  comes  at  starting,  we 
have  a  high  torque  so  that  the  motor  in  starting  developes  a 
high  starting  torque,  which  gradually  lessens  as  the  speed 
increases  and  the  load  falls  off.     The  essential  character- 
istic of  a  motor  of  this  type  is  its  high  starting  torque  in 
coming  up  to  speed.     With  reference  to  the  brake  horse-power 
current  curve  it  is  seen  that  tho  greatest  horse-power  is 
available  at  about  50  amperes,  which  corresponds  to  a  speed  of 
about  1000.      For  higher  speeds  and  lower  loads  the  brake 
horse-power  falls  off,  but  remains  practically  constant  for  a 
considerable  range  of  current  and  speed  at  near  full  load  con- 
ditions.    It  is  also  noticeable  that  the  efficiency  is  highest 
at  about  the  point  at  which  the  brake  horse-power  and  speed  are 
at  the  normal  rated  value.    At  the  point  of  highest  efficiency 
the  power  factor  curve  gives  a  power-factor  of  about  .88  which 
is  fair  for  operating  conditions  of  the  motor. 


The  results  of  this  run  show  better  operating  con- 
ditions than  for  the  other  two  tests  made.     The  test  made  on 
120  volts  35  cycles  show  that  the  motor  is  not  operating  up  to 
its  capacity,  although  it  shows  fair  operating  characteristics. 
Here  as  before  the  high  starting  torque  is  noticeable,  but  with 
the  highest  efficiency  the  power  factor  of  the  circuit  is 
rather  low  being  only  about  .78.      The  brake  horse-power  curve 
though  lower  in  value  is  nearly  the  same  shape  as  that  of  the 
other  test.     It  is  conclusive,  though,  that  the  motor  will 
operate  fairly  well,  and  at  a  fairly  good  percent  of  efficiency 
at  this  voltage  and  speed.    Here  it  is  operating  at  about  700 
R.P.M.  where,  when  operating  on  200  volts  the  speed  is  about 
1000.      As  a  matter  of  fact,  though,  the  point  cf  efficiency 
at  the  best  speed  and  conditions  is  not  so  important  in  a  motor 
of  this  type.     What  is  desired  is  not  a  highly  efficient  motor 
which  is  to  operate  continuously  on  a  certain  definite  load, 
but  a  motor  that  is  adapted  to  wide  variations  in  speed  and 
load;  further  a  motor  that  will  meet  these  conditions  at  still 
a  fairly  high  power  factor,  which  will  make  up  for  point  of 
efficiency  in  its  effect  on  the  feeding  circuit.     A  motor 
operating  at  a  low  power  factor  is  obj ectionalbe  especially 
from  +  he  standpoint  of  the  feeding  circuit. 
With  reference  to  the  curves  on  page  36  which  were  computed 
from  the  direct  current  test  it  is  s-^en  that  even  here  the 
motor  will  operate,  though  not  so  satisfactorily  as  on  alter- 
nating current.     In  this  case  the  efficiency  is  low,  the 
highest  being  about  70^,  and  the  brake  horso-power  is  low  in 
comparison  with  the  input  to  the  motor. 
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Fairly  high  starting  torque  is  noticeable,  which  is  essential 
to  successful  operation  of  this  type  of  motor  whether  operat- 
ing on  alternating  curre'nt  or  direct  current. 

Before  closing  the  discussion  a  word  in  reference  to 
the  phase  relations  of  the  parts  of  the  motor  curcuit  should 
be  said.     The  calculations  and  results  showing  this  will  be 
found  on  pages  29  and  30.     It  is  of  interest  to  note  the 
practically  unity  power  factor  in  the  armature  circuit  itself. 
This  shows  a  practically  non-inductive  circuit.     On  the  other 
hand  the  series  coil,  proper,  has  a  very  low  power  factor,  show- 
ing a  highly  inductive  circuit.    The  power  factor  of  the  com- 
pensating coils  is  very  nearly  the  same  value  as  that  of  the 
total  circuit,  and  varies  with  the  load  and  speed  on  the  motor. 
The  power  factor  of  the  field,  however,  like  that  of  the 
armature  remains  practically  constant  throughout  a  wide  range 
of  speed  and  load. 
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